Little is known about real-world facility-level preferences for cardiac resynchronization therapy devices with (CRT-D) and without (CRT-P) defibrillator backup. We quantify this variation at the facility level and exploit this variation to compare outcomes of patients receiving these 2 devices.
C
ardiac resynchronization therapy (CRT) is recommended for patients with severe left ventricular systolic dysfunction, a wide QRS complex, and symptomatic heart failure despite optimal medical therapy. 1 CRT with or without defibrillator backup (CRT-D and CRT-P, respectively) both improve quality of life and reduce heart failure hospitalizations, but few studies have compared their relative impact on clinical outcomes in real-world populations. 2 Despite this evidence gap and the higher costs and risk for complications with CRT-D devices, 3 most patients in the United States receive CRT-D. 4, 5 Previous studies have documented variation in use of cardiac implantable electric devices, including variation across countries 6, 7 and the mediating role of geography in explaining racial differences in implantable cardioverter-defibrillator (ICD) implants in the United States. 8 Moreover, although facilities vary widely in use of singleand dual-chamber ICDs, 9 less is known about factors that influence the choice between CRT-D and CRT-P in clinical practice. In a prior study, we obtained state level estimates of CRT-P implant rates in Medicare Advantage populations. 5 Another study identified regional variation in CRT device selection, 4 but was limited to inpatient procedures, which may differ from observation or outpatient cases. 10 Accordingly, a more comprehensive assessment of variation in CRT choices and clinical outcomes among decision-making entities, such as facilities, is needed. These, more often than geographic units, are the targets of payment reform and quality improvement policies, which would also benefit from a clearer understanding of the comparative effectiveness of CRT-D versus CRT-P among older patients.
Thus, this study used claims from fee-for-service Medicare beneficiaries to evaluate (1) CRT-D versus CRT-P implantation practice patterns at the facility and state levels and (2) the comparative effectiveness, in terms of survival, hospitalization, and reoperation rates, of CRT-D versus CRT-P.
METHODS

Data Sharing
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. Because of the specific data use agreement applicable to this funded research, we are not able to make these available to outside parties for replication.
Data Source and Implant Identification
We obtained 100% inpatient and outpatient files, including facility and provider files, from the Centers for Medicare and Medicaid Services for 2005 to 2013 ( Figure 1 ). We identified CRT-D and CRT-P implantation procedures using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) and Current Procedural Terminology codes (see Appendix for details). First, we formed distinct clinical episodes, starting with an institutional claim that defined the setting (inpatient or outpatient) and dates of service. For inpatient episodes, we combined inpatient claims from the admission with carrier claims that occurred during the admission. For outpatient episodes, we similarly combined the institutional outpatient claim with carrier claims by date of service. Then, for each patient, we examined their first clinical episode (whether outpatient or inpatient) observed in the study period.
We excluded patients whose first episode included any codes that indicated removal, extraction, or revision (see Data Supplement) to identify patients with new implants only. 5 We classified this first, new implant as CRT-D or CRT-P using ICD-9-CM and Current Procedural Terminology codes from all claims in the episode (CRT-P: 00.50±33207/8 and 33225; CRT-D: 00.51±33249 and 33225). Two implants of the same type in the same admission within 7 days were considered a single implant. If the 2 different devices were implanted in the same admission, within 7 days, we excluded the patient.
This 
Study Population
Patients who received new CRT-P and CRT-D devices, as identified using the above procedure, were eligible for inclusion ( Figure 1 ). We excluded people with fewer than 12 months of preimplant and 12 months of postimplant continuous feefor-service enrollment in parts A and B, limiting the study cohort to patients who received implants in 2006 to 2012.
WHAT IS KNOWN
• Cardiac resynchronization therapy (CRT) is commonly used in older patients with systolic heart failure, either with pacing only (CRT-P) or with defibrillator backup (CRT-D).
• Most patients receiving new CRT systems in the United States receive CRT-D, which is more expensive and may have higher risk of complications.
WHAT THE STUDY ADDS
• Using data from fee-for- 
Primary Study Outcomes
Hospitalizations in the year following implant were identified in Medicare claims. These were further classified as heart failure hospitalizations (primary ICD-9-CM diagnosis code 428.x) and implant-related reoperations (generator reoperation, lead reoperation, pocket revision, or combinations of these; see Appendix). Deaths within 1 year were identified using enrollment files. This timeframe was selected for both outcomes to avoid loss to follow-up if patients transitioned out of fee-forservice coverage to Medicare Advantage programs.
Falsification Outcomes and Instrumental Variable Analysis
We anticipated that unobserved differences among patients receiving CRT-D and CRT-P devices might confound the outcome comparison in ways that logistic regression, which is limited only to known confounders, would not sufficiently address. Thus, we leveraged variation in facility-level tendency to use CRT-P versus CRT-D as an instrumental variable (IV), described in detail below.
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In addition, we specified 3 falsification outcomes, consistent with prior studies of cardiac implantable electric devices 12 :
(1) discharge to nursing home (for inpatient implants only), (2) mortality at 30 days after implant, and (3) [27230] [27231] [27232] [27233] [27234] [27235] [27236] [27237] [27238] [27239] [27240] [27241] [27242] [27243] [27244] [27245] [27246] [27247] [27248] . The goal is to use differences in these outcomes as a signal of bias because of residual confounding. 13 In this study, we chose hip fracture, discharge to nursing home, and 30-day mortality as outcomes unlikely to be affected by the choice of CRT-P versus CRT-D implant, but likely to reflect unobserved patient health status, a major concern as a source of bias in our analyses, because frail patients are more likely to receive CRT-P devices and also to experience the health outcomes of interest (eg, 1-year mortality).
Statistical Analysis
We computed descriptive statistics of the demographic and clinical characteristics of patients who receive CRT-P and CRT-D devices using proportions for categorical variables, compared using standardized mean differences.
To quantify factors associated with implantation of each device, we fit a logistic regression model for device type of patient i at facility j:
where d ij =1 for CRT-P and 0 for CRT-D and x includes the patient characteristics described above. We assumed that the facility random effects come from a normal distribution f N j f
,σ . To characterize variation in facility tendency to implant CRT-P versus CRT-D, we examined the estimated random effects from this model. We classified a facility as having a high tendency to use CRT-P (c j = 1) if f j was significantly greater than 0. We present the results of this model as odds ratios and 95% CIs.
To quantify differences in outcomes (survival, all-cause hospitalizations, and heart failure hospitalizations) of patients who receive CRT-P versus CRT-D, we fit logistic regression models for each outcome (where y ij =1 indicates occurrence of the outcome and 0 otherwise):
where state s(j) is a fixed effect for the state in which facility j is located. We present the results of this model as odds ratios and 95% CIs. These models rely on regression adjustment to account for confounders, that is, variables that affect both treatment (CRT-P versus CRT-D) and outcomes, such as age and health status. However, confounders that we do not observe, such as more detailed measures of health status, will bias these estimates. Therefore, we exploited the variation in each facility's tendency to implant CRT-D versus CRT-P to reduce this confounding bias using an IV approach, similar to prior studies in cardiovascular outcomes research. [14] [15] [16] To be valid, the proposed instrument (facility tendency to implant CRT-P) must satisfy 3 conditions. It must be related to treatment, have no direct causal relationship to the outcome, and be independent of unmeasured confounders of the treatment-outcome relationship. The first condition we demonstrate via a regression of device type on facility tendency, showing the facility tendency strongly predicts treatment received. The second 2 conditions are inherently untestable because they involve true causal relationships and unobserved confounders. In the Table of the Data Supplement, we compare the observable covariates across levels of the proposed instrument as in the Table for the actual treatment received. Although balance on the observables is not proof that the third assumption is met, it is reassuring to see good balance on observable patient characteristics in facilities with different tendencies to implant CRT-P versus CRT-D devices, with the possible exception of atrial fibrillation, which is more common in patients implanted at facilities that prefer CRT-P (48%) than in other facilities (42%). In the discussion section, we consider possible threats to the validity of our proposed instrument. In addition, to understand the possible impact of violations of these assumptions on our estimates, we fit the IV model to our 3 falsification outcomes. Any effects of CRT-P versus CRT-D on these outcomes indicate violations of the analysis assumptions because these outcomes should not be influenced by device type.
We fit the IV model using a 2-stage least squares approach, consistent with prior studies [14] [15] [16] 
ij is the implant tendency estimated from the first stage. The coefficient β fac in the first-stage model quantifies the influence of facility tendency to implant CRT-P on the actual device received by a patient, conditional on patient characteristics, and thus signals the plausibility of the first assumption of the IV model. The coefficient β dev in the second-stage model quantifies the effect of device type (as identified from facility variation) on health outcomes.
All analyses were conducted using SAS v9.4 (SAS Institute, Cary, NC).
RESULTS
The cohort consists of 71 459 patients who received new implants in 2006 to 2012 of CRT-P (11 925) and CRT-D (59 534). The table summarizes the demographic and clinical characteristics of the cohort, both overall and separately for CRT-P and CRT-D recipients. Overall, 31% were women, 60% were aged >75 years, and 93% were white. Characteristics that were more common among CRT-P recipients included age 80 years and older (54% versus 29%), female sex (44% versus 28%), atrial fibrillation (67% versus 39%), and arrhythmia (32% versus 26%). Characteristics more common among CRT-D recipients included ischemic disease (76% versus 62%) and cardiomyopathy (46% versus 31%). CRT-P implants increased over time: in 2006, only 10% of the sample received CRT-P devices; by 2012, that increased to 25%.
Factors Associated With Choice of Device
Because of the large sample size, all the differences were statistically significant except the difference between Hispanic and white ( Figure 2 ). In addition to the differences noted above, patients who received CRT-P devices were more likely to have comorbidities and less likely to be black or have a history of conduction disorder, prior heart failure admission, and cardiac arrest.
Variation in Tendency to Implant CRT-P Versus CRT-D Among Facilities
We categorized facilities into quartiles of case mixadjusted rates of CRT-P versus CRT-D implantation (ie, their facility-level estimated random effects). Figure 2 shows 10 randomly selected facilities in each quartile. For 2 patients with the same characteristics, the odds of receiving a CRT-P (versus CRT-D) device were 7.6× higher for a patient treated at a facility in the highest quartile versus a facility in the lowest quartile. This effect was as large as that of the most important patient fac-tors: For example, the odds of CRT-P implant were 7.7× higher in patients 85 years and older compared with those aged 65 to 70 years. The coefficient of variation (on the logit scale) of the facility tendency was −2.0.
State-Level Variability in Device Selection
The variation across states was smaller than the variation across facilities, but across-state variation in median CRT-P rates spanned 77% of the distribution of across-facility variation (Figure 3) . That is, moving from Arkansas's median facility (the lowest state median at 0.4× the national average odds of CRT-P versus CRT-D) to Minnesota's median facility (the highest state median at 2.4× the national average odds of CRT-P versus CRT-D) was equivalent to moving from an 11th percentile facility to an 88th percentile facility in the whole nation. We compared this state-level analysis to other statelevel measures of health care utilization. Figure 4 displays states ranked by their estimates from our previous analysis of CRT-P implant tendency at the state level among Medicare Advantage enrollees using MarketScan data. 5 The figure compares those state estimates and ranks to the median facility random effect in each state from the current analysis. We include only states with at least 5 facilities to estimate the median of facility-level effects in the state (current analysis) and at least 20 CRT-P implants to reliably estimate the state parameter (previous analysis). The state-level summaries were not very consistent across the 2 analyses; the correlation between the 2 sets of state summaries of CRT-P implant tendency was 0.54.
We also compared these state estimates to statelevel spending per Medicare beneficiary (adjusted for age, sex, race, and price) and found the same lack of a strong relationship in the state rankings. This indicates that geographic variation in these services is not consistent across populations with different insurance coverage (Medicare fee-for-service versus Medicare Advantage) and may be more driven by the facilities in each state than geography per se.
Associations Between Device Type and Outcomes
Comparing the unadjusted outcomes of patients receiving CRT-P and CRT-D devices illustrates the impact of the older age and greater comorbidity burden of CRT-P recipients and the more severe heart failure and more intensive treatment course of CRT-D recipients ( Figure 5, right) . As expected based on a presumption that more frail patients would receive CRT-P, patients who received CRT-P devices were much more likely to die within a year of implantation (12% versus 8%) and to be discharged to a skilled nursing facility following inpatient implants (8% versus 4%). However, CRT-D recipients were more likely to be readmitted for heart failure (15% versus 13%) and to have device-related reoperations (7% versus 5%). Thus, it seems that CRT-P recipients were in poorer health (higher mortality and discharge to postacute care) but had less heart failurerelated care (fewer heart failure admissions and reoperations). Rates of all-cause admission (44% in CRT-D and 44% in CRT-P) and nontraumatic hip fractures (0.4% in CRT-D and 0.7% in CRT-P) were no different.
After adjustment using logistic regression for patient characteristics ( Figure 5, middle) , the pattern of outcome differences was largely similar except that all-cause admission was now less likely among CRT-P recipients, and mortality at 30 days was more likely among CRT-P recipients. As in the unadjusted comparison, we observed more heart failure-related care and reoperations for CRT-D recipients and higher mortal- CRT-D indicates cardiac resynchronization therapy defibrillators; CRT-P, CRTpacemaker; HF, heart failure; and SMD, standardized mean difference. ity and postacute care for CRT-P recipients. However, residual differences in discharge to skilled nursing facility and 30-day mortality suggest that the adjustment for patient characteristics was not sufficient to address confounding because of CRT-P recipients being in poorer health.
Thus, we turned to the IV analysis designed to address this unobserved confounding. The first-stage model predicted device receipt using patient characteristics and facility-level tendency to implant CRT-P versus CRT-D. The log odds of receiving CRT-P were 1.4 higher at a facility with significantly higher than average CRT-P tendency. This was the second-largest effect, following age 85 and older (1.62 greater log odds than age 75-80). The (McFadden's) R 2 for the model is 0.24, indicating reasonably good explanatory power for device choice. Table in the Appendix illustrates that patient characteristics were well balanced after this stage of analysis.
The second-stage model produced estimates of the effect of receiving CRT-P (versus CRT-D) on outcomes ( Figure 5, left) . As in the logistic model, the risk of admission (both heart failure-specific and all-cause) and reoperation was lower in recipients of CRT-P (versus CRT-D) devices.
However, the result for 1-year mortality reversed direction (lower in CRT-P recipients), but the CI included 0. The 3 falsification outcomes also now all had CIs that included 0, consistent with our assumption that the IV analysis successfully handled unobserved differences between CRT-P and CRT-D recipients.
DISCUSSION
This report describes the relative importance of patient characteristics and facility tendency to implant CRT-P versus CRT-D devices and leverages IV analysis to describe their comparative effectiveness among Medicare fee-for-service patients. Among 71 459 CRT recipients, we identified stark variation across facilities in CRT-P versus CRT-D utilization, not otherwise explained by measurable patient factors. We also found that, using this facility-level variation in device preference as an IV to control for residual confounding, there was no significant difference in 1-year mortality, while reoperations and hospitalizations favored patients receiving CRT-P devices. These findings suggest that CRT-P, with its lower cost, fewer complications, and similar 1-year survival outcomes, may be preferred for Medicare beneficiaries considering new CRT implantation.
Whether CRT-P versus CRT-D selection influences clinical outcomes in older patients remains a key clinical question with relatively little prior clinical data. 3 The COMPANION trial (Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure) compared optimal medical therapy alone to the addition of CRT-D or CRT-P implantation in a 1:2:2 fashion among 1520 patients with New York Heart Association Class III-IV heart failure. 17 Both devices reduced the combined primary end point (death or all-cause hospitalization), while only the CRT-D appeared to improve survival alone. However, the impact of defibrillator backup on survival likely depends in part on heart failure severity, patient age, and the presence of prior infarction as the cause of systolic dysfunction, as suggested by the recent Defibrillator Implantation in Patients with Nonischemic Systolic Heart Failure trial describing relatively low rates of sudden cardiac death among symptomatic systolic heart failure patients (58% receiving CRT). 18 Similar results were found in a single-center cohort study of 686 CRT recipients in Belgium, with the specific focus on mode of death among octogenarians (N=178) at a mean follow-up of 38 months, with 21% of patients receiving CRT-D. 19 Deaths were largely noncardiac (74%, compared with 50% among younger patients) and only 1 (3%) was due to tachyarrhythmia, compared with 11% tachyarrhythmic deaths in younger patients. From these findings, the authors concluded that CRT-D may have little practical value compared with CRT-P given the low incidence of arrhythmic death in older patients. 20 Our data adds to this literature to further describe outcomes among contemporary older patients eligible for CRT. Many clinical factors that we cannot observe in claims data may affect the decision to implant CRT-P versus CRT-D. These include echocardiographic parameters, QRS morphology and duration, renal function, and more nuanced clinical details, such as frailty. 20 Our logistic model, adjusting for known confounders, showed that 1-year mortality favored CRT-D recipients, but with evidence of residual confounding that is likely endemic to traditional comparative effectiveness assessments of CRT and ICDs. By contrast, we used the large variation among facilities in their use of CRT-P (versus CRT-D) devices, after controlling for patient characteristics, to construct an IV approach to estimate less-biased outcome comparisons among much larger numbers of patients than have been enrolled in clinical trials.
Using this approach, we found balanced clinical factors and no difference in falsification outcomes, which suggests more plausible control of confound- ing. This model showed similar 1-year mortality, lower hospitalization rates and fewer reoperations for CRT-P implants. While pivotal clinical trials of CRT [21] [22] [23] [24] were not specifically designed or powered to assess outcomes in older patients, and provide only limited evaluation of comorbid conditions, the results of our large, nationally representative study argue that at worst there is clinical equipoise between CRT-P and CRT-D among Medicare beneficiaries, and at best CRT-P may be preferred absent a compelling indication for an ICD, such as prior ventricular arrhythmia, positive EP study, or patient preference.
The need for evidence-based clarification of CRT outcomes is further anchored by the dramatic variability we identified among facilities, between states, and across insurance types that could not be readily explained by available covariates. One recent study of contemporary US CRT utilization based on claims (N=17 780) found that only 15% of implants were CRT-P, though an increase from 12% to 20% was seen from 2008 to 2013. 5 Similarly, a separate analysis using only inpatient cases of CRT (2006 CRT ( -2012 found that 86% overall were CRT-D implants, including among those patients age >75 and those with multiple comorbidities, with substantial interhospital variability. 4 At the same time, more than a third of all patients in the United States receiving ICDs also receive CRT, 25 and this proportion increases to 40% among those over age 80. 26 These proportions contrast with reports from Europe illustrating more reserved allocation of CRT-D systems, 27 but accord with prior studies demonstrating marked variability in the use of single-versus dual-chamber ICDs in the United States. 9 Our finding of >7-fold odds of receiving CRT-P when comparing the highest to lowest quartile facilities suggests a dire need for a clearer understanding of how CRT implantation decisions are made in real-world practice.
Our analysis includes potential limitations and rests on certain assumptions that require careful consideration. While billing claims have been widely used for observational research, they lack the clinical detail of registries, including laboratory and test data, as well as functional and physiological measures of heart failure cause and symptoms, such as left ventricular ejection fraction, QRS duration, and New York Heart Association class. However, the general indications for CRT implantation are consistent regardless of CRT-D versus CRT-P selection, and the variables we considered a priori to be most strongly associated with device choice (age and atrial fibrillation) were included in our models. Despite the large total sample size, it was not large enough to characterize individual physicians in terms of their tendency to implant CRT-P versus CRT-D devices with sufficient precision. We limited our outcomes ascertainment to 1 year to reduce the chances of patients transitioning out of fee-for-service to Medicare Advan- tage or other insurance plans. While this may partially limit the survival analysis between CRT-D and CRT-P, our large sample size (>70 000 patients, compared with 1000-2000 for typical CRT and ICD studies) should be sufficiently powered to detect the 2% to 6% annualized survival advantage typically ascribed to defibrillator treatment. 28, 29 An important assumption in our approach is the belief that facility tendency to implant CRT-P (estimated, as we do here, net of observable patient characteristics) is largely driven by idiosyncratic preferences of the providers rather than by factors that could influence patient health outcomes. However, possible threats to the validity of this proposed instrument do exist. One possibility is violation of the assumption that there is no direct causal relationship to outcomes except via the treatment. For the utilization outcomes, it may be that a facility preference for aggressive care or availability of local services may cause more discharge to skilled nursing facilities in particular. A second possibility is violation of the assumption that the instrument is uncorrelated with unmeasured confounders of the treatmentoutcome relationship. In addition to unobservable patient preferences for aggressive care, unobserved health status is an important potential confounder. We cannot offer empirical evidence that facility tendency is uncorrelated with unobserved confounders. However, the near-zero estimates for the CRT-P effect on 30-day mortality in particular-contrasting with the strong signal for this end point seen in the logistic modelsupports the assumption that the IV approach is not affected by this source of bias. Another potential limitation is our use of the 2SLS approach for the IV model. We provide an output, which was qualitatively similar, from an alternative model using residual inclusion in the Appendix.
In sum, our nationwide assessment of CRT utilization and outcomes accords with calls to apply real-world evidence to compelling clinical questions about medical devices. 30 While consensus guidelines in device-based therapy historically have drawn only from randomized trials, none have yet been published specifically comparing CRT-P to CRT-D, and enrolling anything like the sample size included here would not be realistic. Efficiently randomizing even smaller numbers of patients without sacrificing generalizability would also be an important constraint on trial completion or applicability. Thus, rigorous comparative effectiveness methodology may well be the best source of evidence for comparing CRT-P to CRT-D, and at the least should provide context for clinicians and patients considering new CRT implantation, for whom productive shared decisionmaking rests on a reasonable understanding of likely clinical outcomes afforded by the available options. 31 At the same time, prospective mixed-methods research identifying qualitative and quantitative elements of the decision-making process for CRT implantation will be needed to explain the stark variability identified here.
CONCLUSIONS
CRT-P versus CRT-D selection varies substantially among facilities, adjusted for clinical factors. While logistic regression did not seem to adequately account for confounding, after IV adjustment for clinical covariates and facility preference, 1-year survival did not differ between the devices, while other clinical outcomes favored CRT-P.
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